1. Introduction {#sec1}
===============

β-Blockers are an essential class of cardiovascular medications for reducing morbidity and mortality in patients with heart failure [@bib1]. Atenolol (ATE) is part of a class of β-adrenoceptor antagonists often called β-blockers. β-blockers are competitive inhibitors and interfere with the action of hormone stimulation in β-adrenergic receptors in the nervous system [@bib2]. ATE is reported to reduce intrinsic sympathomimetic activity. It is used for the treatment of hypertension, angina pectoris, cardiac arrhythmias, and myocardial infarction [@bib3]. These drugs are often abused by athletes to lower the heart rate and reduce hand tremor and anxiety [@bib4]. The World Anti-Doping Agency (WADA) prohibits the use of ATEs especially for use by athletes in some sports [@bib5]. Therefore, monitoring of ATE levels is required to detect drug abuse, particularly in athletes, as well as for proper dose regulation for patients. Several methods have been developed to analyze ATE in plasma and urine using molecular imprinted solid phase extraction (MI-SPE) as sample preparation before analysis \[[@bib6], [@bib7], [@bib8]\]. Molecular imprinting polymer (MIP) is a technique that was developed to make a polymer with specific molecular recognition to the specified compound \[[@bib9], [@bib10], [@bib11], [@bib12], [@bib13]\]. In the synthesis of MIP, the selection of functional monomers is an important step that can affect the selectivity and performance of sorbent. Itaconic acid (ITA) is one of the polymer monomers that is widely used in this process \[[@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20]\]. According to the US Department of Energy (DOE), ITA is one of the 12 important chemical building blocks of sugar, has a group C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000C and two carboxyl groups, which can be precursors to various chemical transformations and can be polymerized through the formation of ester bonds and free radical polymerization [@bib21]. MIP sorbent synthesis in this study was carried out using the precipitation polymerization method; this method is based on mixing polymer solutions consisting of functional monomers, templates, and cross-linkers with porogens. The resulting sorbent has a more homogeneous physical size, so no grinding is required and the resulting polymer generally has a better adsorption profile than the bulk polymerization method [@bib22]. All development of MI-SPE ATE that other researcher already done \[[@bib6], [@bib7], [@bib8]\], none of them using precipitation polymerization and the result of recoveries are below 80%.

According to other researcher results, our laboratory has previously made MI-SPE for ATE [@bib23] using methacrylic acid as a functional monomer with recoveries above 90%, but there is a lack of imprinting factor compared to the non-molecular imprinted polymer (NIP). Therefore, in this study, we wish to report on the development of MI-SPE materials for the rapid pre-concentration and clean-up of ATE in biological fluid samples before HPLC analysis using ITA as the other functional monomer. So far, ITA has never been used as a monomer for ATE-MIP. The synthesis of MI-SPE ATE begins with molecular modeling interaction between ATE and ITA, continuing with the determination of binding constants using spectrophotometry and ending with the characterization and application of polymers to extract ATE in blood serum samples.

2. Materials & methods {#sec2}
======================

2.1. Materials {#sec2.1}
--------------

(R)-(+)-atenolol (ATE), metoprolol tartrate (MET) and propranolol hydrochloride (PRO) were purchased from Tokyo Chemical Industry. ITA, ethylene glycol dimethacrylate (EGDMA), benzoyl peroxide (BPO), triethylamine (TEA) and trifluoroacetic acid (TFA) were purchased from Sigma Aldrich. HPLC grade acetonitrile and methanol were purchased from Fischer Scientific. Acetone, potassium bromide and acetic acid were purchased from Merck. Blood samples were provided by the Indonesian Red Cross. If not otherwise specified, all chemicals are analytical grade. The morphological evaluation analysis was carried out by JSM-6610LV JEOL Ltd. A UV-visible spectrophotometer (Analytic Jena, Specord 200) was used to detect the UV absorbance for constant association determination. Analyses of blood after extraction with the MI-SPE were performed using HPLC (Dionex Ultimate 3000 with UV detector) by isocratic elution, using a mixture of methanol/water containing 0.01% TEA (15:85) as the mobile phase and a column Merck C18G 125A (250 × 4.6 mm i.d.). The flow rate was 1 mL min^−1,^ and the detection wavelength was set at 229 nm. The column was passed through with mobile phase until the baseline was obtained before detecting the samples.

2.2. Methods {#sec2.2}
------------

### 2.2.1. Analysis of the interactions in the pre-polymerization complex {#sec2.2.1}

In order to describe the interaction and hydrogen bonding between the template and monomers (ITA), computational predictions were carried out. Two-dimensional structures of ATE and ITA were drawn and then converted into three dimensions using the ChemBio3D Ultra 12.0 program. Geometry optimization was then carried out with the *ab initio* method (Hartree Fock, base set 3-21G) using the Games Interface on the ChemBio3D Ultra 12.0. The docking process between ATE and ITA was undertaken using the PyRx software -- Virtual Screening Tools with AutoDock Vina. The docking results were analyzed by comparing the position and type of bond formed and the value of the binding affinity of the template and each monomer using the AutoDockTools 1.5 software.

### 2.2.2. Determination of the association constant for the template--functional monomer with UV-Visible spectrophotometry {#sec2.2.2}

Monomer-template interaction was studied before polymer synthesis using UV titration. To a solution of ATE 0.001 mol/L in methanol or methanol: acetonitrile 1:1, an increasing amount of ITA was added until 10-fold excess was reached. Subsequently, absorbance was measured. Finally, a curve of the delta absorbance against the monomer concentration was constructed to determine the value of the association constant [@bib24].

### 2.2.3. Preparation of the MIP and NIP {#sec2.2.3}

MIP and NIP were synthesized using the precipitation polymerization method, as follows. MIP was obtained by dissolving ATE (1 mmol) as a template and ITA as functional monomer (4 mmol) in 350 mL solvent in a closed vial and then sonicated for 5 min. Subsequently, EGDMA (20 mmol) was added to the solution as cross-linker then sonicated for 40 min. Then benzoyl peroxide (0.206 mmol) was added to the vial as initiator, and finally, the vial was placed in a water bath shaker at 70 °C for 24 h. The polymer thus formed was washed using methanol and water. After washing, the polymer was dried in an oven at 60 °C for 18 h. NIP was synthesized in the same way, but without the addition of templates to verify MIP results [@bib24]. The composition of synthesized MIP and NIP ATE is presented in [Table 1](#tbl1){ref-type="table"}. The Soxhlet apparatus was used for template removal from the synthesized MIP using methanol and acetic acid (9:1) for 24 hours. The extraction process is complete when no atenolol peaks appeared while monitored using HPLC.Table 1The composition of MIP and NIP Atenolol.Table 1PolymerFunctional monomer (1 mmol)Porogen (350 mL)Crosslinker (20 mmol)Template (1 mmol)MethodMIP 1Itaconic acidMethanol: AcetonitrileEGDMAAtenololPrecipitation polymerizationNIP 1Itaconic acidMethanol: AcetonitrileEGDMA-Precipitation polymerizationMIP 2Itaconic acidMethanolEGDMAAtenololPrecipitation polymerizationNIP 2Itaconic acidMethanolEGDMA-Precipitation polymerization

### 2.2.4. Adsorption capacity evaluation {#sec2.2.4}

To evaluate the adsorption capacity, we varied the concentration of the ATE solution, i.e., 1, 2.5, 5, 7.5 and 10 mg L^−1^. A 5 mL ATE solution was introduced into a vial containing 20 mg of MIP sorbent, then shaken using a shaker at 120 rpm for 3 h at room temperature. Next, the mixture was filtered, and the absorbance of the filtrate was measured using a UV spectrophotometer. NIP sorbents were treated in the same way as MIP. The evaluation results of MIP-SPE adsorption capacity was plotted on the Freundlich isotherm adsorption curve \[[@bib24], [@bib25]\].

### 2.2.5. Solid phase extraction {#sec2.2.5}

200 mg of imprinted or non-imprinted polymer particles were dry packed in 3 mL SPE cartridges using 20 μm porous polyethylene frits. Blood serum samples were prepared by centrifugation of the collected blood (from the Indonesian Red Cross) at 8,000 rpm for 5 min at 14 °C and careful collection of the transparent top layer. This was spiked with 2 mg L^−1^ of ATE in water. Drawing on Hasanah *et al.*\'s (2017) optimization results, we followed all the SPE conditions except for eluting the solvent. The final extraction protocol consisted of an initial conditioning step with 1 mL of methanol, loading 1 mL of the spiked blood sample, followed by a 1 mL acetonitrile wash and a final elution with 1 mL of 0.01% TFA: methanol (1:99). Full vacuum was applied to the cartridges between each step. To test the specificity of the polymers, an equimolar mixture of ATE, MET and PRO (1 mg L^−1^ each) in water was spiked into the blood serum samples and applied to the SPE cartridges. The collected fractions were analyzed by HPLC using the method described above. The HPLC method for ATE analysis has previously been validated according to the ICH guideline for bioanalysis. Using these conditions, the limit of detection (LOD) and limit of quantitation (LOQ) for ATE were 0.1 and 0.4 mg mL^−1^ respectively. Calibration curve equation of analyte were y = 0,0063x + 0,0083, R^2^ = 0,9995.

### 2.2.6. Physical characterization of molecularly imprinted polymer {#sec2.2.6}

We used Fourier Transform Infra-Red (FTIR) and a scanning electron microscope (SEM) to characterize the physical properties of MIP. A total of 2 mg of MIP sorbent was crushed together with 200 mg of potassium bromide (KBr), then molded into pellets. The infrared spectrum of MIP sorbents was observed using FTIR instruments. The transmission was measured at wave numbers 4000--400 cm^−1^. MIP sorbent functional groups were determined after extraction [@bib25]. The surface morphologies of the polymers were observed using SEM by placing MIP and NIP on silicon and then putting them in the SEM instrument. NIP sorbents were characterized in the same way using FTIR and SEM.

3. Results and discussion {#sec3}
=========================

3.1. Analysis of the interactions in the pre-polymerization complex {#sec3.1}
-------------------------------------------------------------------

Based on interaction analysis in the prepolymerization complex ([Fig. 1](#fig1){ref-type="fig"}a), the binding affinity between ATE and ITA is −2.0 kcal/mol. Also, there is a hydrogen bond formed between the hydroxyl of ITA and the amine of ATE without π--π interaction. The theoretical computations showed that ITA forms stable complexes with negative binding affinity. The imprinting effect of the MIP greatly influenced the interaction between the template and functional monomer that we synthesized [@bib26]. The hydrogen bonding formed between ITA and ATE is a signal that their imprinting properties will be excellent.Fig. 1Result of analysis of the interactions in the prepolymerization complex (a) ITA-ATE (b) MAA-ATE.Fig. 1

We also performed interaction analysis in the pre-polymerization complex between methacrylic acid (MAA) and ITA ([Fig. 1](#fig1){ref-type="fig"}b) and found out that the binding affinity between MAA-ATE is −1.5 kcal/mol. This affinity is lower than ATE-ITA and has a good correlation with our previous result [@bib23] that having lower recovery percentage than ATE-ITA.

3.2. Association constant determination for the functional monomer--template using UV-Visible spectrophotometry {#sec3.2}
---------------------------------------------------------------------------------------------------------------

The template molecule used was ATE. The monomer selected to form a non-covalent complex with ATE was ITA. In general, the better and stronger the interaction, the better the imprinting effect and the more stable the complex during polymerization [@bib27]. Therefore, the selected monomers should be tested for their interaction with template molecules by non-covalent impedimetric stoichiometric study methods [@bib28], such that interactions are determined based on the value of the association constants (Ka) obtained. For this, UV titration was performed in ATE and ITA solution. Increasing amounts of ITA were added to a solution of ATE (0.001 mol L^−1^) in methanol and solvent mixture (methanol: acetonitrile 1:1) until at least a 10-fold excess was reached. At this point, delta absorbance was recorded, and the results plotted on the curve. The association constant was calculated based on the slope value and the graph intercept using the Benassi--Hildebrand equation [@bib29].

Based on the association constant determined ([Table 2](#tbl2){ref-type="table"}), the ITA monomer in the methanol: acetonitrile (1:1) solvent yields the most significant association constant value with the ATE template, with a value of 6.277 × 10^2^. The Ka value determines the selectivity and specificity of the polymers produced [@bib30].Table 2Association constant results of ITA -- atenolol on different solvent.Table 2MonomerSolventTemplateKa (M^−1^)Itaconic acidMethanol: acetonitrileAtenolol6.277 × 10^2^Itaconic acidMethanolAtenolol5.43 × 10^2^

The interaction between ATE and ITA is predicted to be a hydrogen interaction between the carboxylic group of ITA and the amine group of ATE as, previously predicted by analysis of the interactions in the pre-polymerization complex ([Fig. 1](#fig1){ref-type="fig"}a). Tadi confirmed the estimated interaction and Motghare (2013) [@bib31], whose study showed the carbonyl group on the carboxylate acting as the hydrogen bond acceptor binding to the amine (-NH) as a hydrogen bond donor in ATE.

3.3. Molecular imprinted polymer synthesis {#sec3.3}
------------------------------------------

The comparison used for this synthesis was the template: monomer: crosslinker (1:4:20). The monomer must have a good affinity for the template. Sadaghi and Mofrad (2007) and Sadeghi *et al.* (2012) \[[@bib32], [@bib33]\] demonstrated that the use of template monomers (1:4) provides an excellent specific affinity and high recovery of template compounds compared with NIP sorbents. The use of functional monomers with excess concentrations may lead to increased non-specific affinity in the sorbent polymer produced [@bib34]. Based on constant association value, the monomer with the best interaction was ITA in a solvent mixture (acetonitrile: methanol 1:1). The possible interactions with the synthesized imprinting polymers of ITA monomers are presented in [Fig. 2](#fig2){ref-type="fig"}.Fig. 2Schematic diagram of MI-SPE ATE synthesis.Fig. 2

3.4. Adsorption capacity {#sec3.4}
------------------------

The adsorption capacity was determined by an adsorption isotherm model that provides an overview of the mechanism of the interaction of ATE adsorption on the sorbent surface and sorbent characteristics by calculating the relationship of bonding parameters and the affinity distribution of the bond. In this study, the analysis used the Freundlich isotherm model. This model assumes that the tested sorbents have various surfaces so that the bond affinity is also different in terms of the activated carbon, silica, metal and polymers, especially in imprinted polymers with noncovalent interaction approaches [@bib35]. In this isotherm model, the heterogeneity of the sorbent is calculated exponentially as a log function, which facilitates the calculation by converting it into a linear function [@bib36]. The Freundlich isotherm function uses two test parameters, *a* and *m*. These parameters sequentially indicate the affinity of the polymer binding and the degree of binding heterogeneity, having a value between 0 and 1. An *m* value equal to one indicates the sorbent bonding system is homogeneous, i.e. the surface of the polymer particles has the same binding ability, whereas a near-zero *m* value indicates a heterogeneous binding system [@bib37].

Based on the significant degree of polymer affinity binding (a) shown in [Table 3](#tbl3){ref-type="table"}, MIP 1 produces a significant difference between MIP and NIP compared to MIP 2, so this polymer was then selected to be packed into an SPE cartridge and optimized for use as an alternative to the separation of ATE from biological samples.Table 3Adsorption isotherm linear regresion Freundlich model result.Table 3Polymerma (mg/g)MIP 13.0394.250NIP 10.2090.164MIP 20.6030.269NIP 20.8810.062

3.5. Solid phase extraction {#sec3.5}
---------------------------

Strong binding of ITA and ATE on pre-polymerization solution was demonstrated based on the Ka value after the polymer was synthesized. We used solid phase extraction as the tool for drug extractions. Loading of blood serum spiked with 2 mg L^−1^ of ATE and then washed with 1 mL acetonitrile showed excellent recovery and promoted specific interaction. The selectivity for ATE of MIP was investigated by determining its binding ability compared with other β-blocker drugs such as MET and PRO. The recovery of ATE up to 93.65 ± 1.29% was achieved using MIP 1, while recoveries for the competing analytes MET and PRO were 66.49% ± 0.88 and 50.23% ± 20.62 respectively. As seen in [Fig. 3](#fig3){ref-type="fig"}, the difference in the recoveries between MIP 1 and NIP 1 is very large for ATE. The imprinting factor (IF) of this polymer was 11.02 and increased when applied to the sample spiked with mixed β-blockers (23.43). Our previous result from MAA monomer has recoveries 92.20 ± 1.36% with IF value 1.86, showed lower imprinting efficiency of this MIP compared to our new MIP from ITA monomer. The results show that the polymer can differentiate a molecule in the same class and remember ATE molecularly. The chromatogram of the blank serum and spiked serum (with and without pre-treatment with MIP 1 ATE) is shown in [Fig. 4](#fig4){ref-type="fig"}. Previous development of ATE MI-SPE [@bib8] only have recoveries 74.5--75.2% with IF value 4.18 this result is below our result and proved that our MI-SPE potential to be used as extraction tools of ATE from serum.Fig. 3Recoveries and imprinting factor value of blood serum spiked with ATE alone and mix of ATE with other β blockers.Fig. 3Fig. 4Chromatogram of (a) blank sample serum, (b) spiked sample serum without MIP 1 pre-treatment, (c) spiked sample serum with MIP 1 pre-treatment.Fig. 4

3.6. Physical characterization of molecularly imprinted polymer {#sec3.6}
---------------------------------------------------------------

The FTIR analysis on sorbents depicted in [Fig. 5](#fig5){ref-type="fig"} shows that MIP 1 has a spectrum that is almost identical to the NIP 1 spectrum, indicating that ATE has been extracted from the MIP matrix. Sequential C-O-C asymmetric stretching, C-H asymmetric deformation and C = O asymmetric stretching in the wave number range 1155 cm^−1^, 1466 cm^−1^ and 1733 cm^−1^ indicating the existence of the EGDMA structure shows successful synthesis [@bib14].Fig. 5FTIR spectra of MIP 1 (a) and NIP 1 (b).Fig. 5

After determining the analytical performance properties of MIP 1, we conducted a physical characterization of this polymer. The results of the physical characterization using SEM ([Fig. 6](#fig6){ref-type="fig"}) show that the sorbents synthesized using the precipitation polymerization method have a homogeneous particle size. It is also apparent that MIP 1 sorbents have smaller particle sizes with higher porosity compared to sorbent NIP 1, which tends to form large aggregates, influenced by the presence of a template on MIP that inhibits agglomeration in sorbent particle formation [@bib38]. Based on BET analysis, surface area of MIP 1 and NIP 1 is 80,804 m^2^/g and 58,561 m^2^/g respectively. The high porosity level in MIP 1 shows that this polymer forms a cavity or recognition side of the target molecule, with a high porosity profile, allowing a greater adsorption area to provide better adsorption capability for ATE [@bib14].Fig. 6SEM of MIP 1 (a) and NIP 1 (b).Fig. 6

4. Conclusion {#sec4}
=============

Our study shows that using ITA as a functional monomer in mixed porogen (methanol: acetonitrile) employing precipitation polymerization has an excellent selectivity toward ATE compared to other β-blockers when used as a sorbent in the extraction of ATE from spiked blood serum. We achieved exceptional sample clean-up and ATE recoveries of up to 93.65%. The recoveries for the competing analytes MET and PRO were 66.49% and 50.23%, respectively.
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